The kinematic wave theorem is the simplest and widely employed distributed routing method used in practical applications for the computation of flood wave propagation in overland and open-channel flows with steep topography. In this paper, an efficient finite-difference implicit MacCormack scheme is developed for the simulation of one-dimensional kinematic wave flows. Simulated results are compared with two analytical solutions and one experimental measurement to assess the performance of an explicit MacCormack scheme, implicit nonlinear kinematic wave scheme and implicit MacCormack scheme. The computed results show that the proposed implicit MacCormack scheme is simple, accurate, highly stable and greatly efficient in solving kinematic wave problems. Key words | channel flow, explicit MacCormack scheme, implicit MacCormack scheme, implicit nonlinear kinematic wave scheme, kinematic wave, overland flow (bed slope . 0.002). The one-dimensional kinematic wave model can be used to simulate these overland and openchannel flows (Lighthill & Whitham 1955; Freeze 1978; Cundy & Tento 1985; Chou et al. 1988; Singh 1996). Numerous explicit and implicit finite-difference schemes have been widely used (Cunge et al. 1980; Chou et al. 1988) to solve different distributed flow routing models. Several advantages of the explicit MacCormack (EMAC) scheme make the method a popular choice in computational hydraulics. Firstly, the scheme is a shock-capturing technique with a second-order accuracy both in time and space. Secondly, the inclusion of the source terms is relatively simple. Thirdly, it is suitable for implementation in an explicit time-marching algorithm. Tseng & Chu (2000) investigated the accuracy of four different versions of the total variation diminishing (TVD) MacCormcak explicit scheme. Tseng & Wang (2004) discovered that the explicit MacCormack model, when compared with the TVD-MacCormack, may be a superior choice for simulating subcritical flows with strong bed topography variations. This was proven by discretizing the source terms at each step with forward or backward difference, in the same manner as the flux gradient. Kazezyılmaz-Alhan et al. (2005) studied the reliability of the explicit MacCormack, explicit linear, implicit nonlinear and the four-point implicit schemes for solving one-dimensional overland flows. Under the Courant -Friedrich -Lewy (CFL) stability condition, they concluded that the explicit MacCormack method should be generally preferred as a solution technique over the explicit linear and implicit methods for solving overland flow problems. This paper proposes a robust implicit MacCormack (IMAC) scheme to be used in the construction of a simple, accurate and efficient solver for kinematic wave computations. The performance of the proposed method will be tested against the traditional EMAC scheme and the widely used implicit nonlinear kinematic wave (INKW) scheme.
INTRODUCTION
The flow of water through the soil and stream channels of a watershed is a distributed process because the flow rate, velocity and depth vary in the space throughout the watershed. Estimates of the flow rate or water level at important locations in the channel system can be obtained using a distributed flow routing model (Chou et al. 1988) .
Distributed flow routing models can be used to describe the transformation of storm rainfall into runoff over a watershed. This, in turn, can produce a flow hydrograph for the watershed outlet. This hydrograph becomes the input at the upstream end of a river or pipe system routed to the downstream end. For many practical purposes, the spatial variation in velocity across the channel with respect to depth can be ignored. This way, the variation of the flow process can be isolated only in the main direction of the flow along the channel.
Flood wave propagation in overland and channel flows may be described by complete equations of motion for unsteady nonuniform flow, known as dynamic wave equations. This was first proposed by Barre de Saint-Venant in 1871. Due to the fact that dynamic wave equations involve a high degree of complexity in computation, the Saint-Venant equations have been simplified. Several simplified forms are being used to efficiently implement the approximate wave models. Under a different set of simplifying assumptions, all distributed flow routing models can be classified into the kinematic wave, the diffusion wave, the quasi-steady dynamic wave and the full dynamic wave models. The simplest distributed model is the kinematic wave model, which neglects local acceleration, convective acceleration and pressure terms in the momentum equation; that is, it assumes that the friction and gravity forces balance each other. In cases where the bed slope is dominant in the momentum equation, most flood waves behave as kinematic waves. Previous studies (Lighthill & Whitham 1955; Henderson 1966) In the following sections, the formulations of the proposed approach are defined, the numerical testing scenarios are described, and the stability, accuracy and efficiency of these schemes are compared and evaluated.
GOVERNING EQUATIONS
Based on the hydrostatic pressure distribution and small channel slope assumptions, an unsteady open-channel flow can be described by Saint-Venant Equations (Chou et al. 1988 ). The shallow water flows can be presented in a conservative form for continuity (Equation (1)) and momentum (Equation (2)) as
where t represents the time, x is the longitudinal distance along a channel, A is the wetted cross-sectional area, Q is the flow rate volume, q l is the lateral inflow rate, b is the momentum correction factor, g is the gravitational acceleration, y is the water depth, S o is the bed slope, S f is the friction slope and v x is the lateral inflow velocity.
The momentum equation consists of six terms responsible for the physical processes that govern the flow momentum. These terms are the local acceleration term, the convective acceleration term, the pressure force term, the gravity force term, the friction force term and the lateral inflow force term. The local and convective acceleration terms represent the effect of inertial forces on the flow. For a kinematic wave, the acceleration and the pressure terms in the momentum equation are negligible. Therefore, the wave motion can be described principally by the equation of continuity. The kinematic wave model is defined by the following Equations (Chou et al. 1988) :
For example, the Manning equation written with S o ¼ S f
where n denotes the Manning roughness coefficient and P represents the wetted perimeter where c I is 1 for SI units and 1.49 for British units.
By differentiating Equation (5) and substituting it into
Equation (3), the result will be
The characteristic equations for a kinematic wave can be derived from Equation (6) as
where c k is the kinematic wave celerity. This implies that an observer moving at a velocity of c k with the flow would see the flow rate increasing at a rate of q l .
NUMERICAL APPROACHES
The computational domain is discretized as x i ¼ iDx and
where Dx is the size of a uniform mesh and Dt is the time increment. The performances of the three finitedifference schemes are investigated in this study. These schemes include the widely used INKW scheme, the traditional EMAC scheme and the proposed IMAC scheme.
Nonlinear implicit scheme
The implicit nonlinear finite-difference formulation of kinematic wave Equations (Li et al. 1975) , denoted as the INKW scheme, can be expressed as
where fðQ jþ1 iþ1 Þ represents a nonlinear function of the unknown flow rate Q jþ1 iþ1 . Equation (9) is solved by the Newton-Raphson iteration method for Q jþ1 iþ1 as
The convergence criterion for the iteration process is
where f 0 ðQ jþ1 iþ1 Þ represents the first derivative of Q jþ1 iþ1
and 1 is an error criterion.
Explicit-implicit MacCormack schemes
Based on a predictor -corrector -updating three-step procedure (MacCormack 1969 (MacCormack , 1985 Tseng & Wang 2004) , the first step follows the algorithm as
The correct step follows the algorithm as
where the subscript p and c stand for the predictor and the corrector steps, respectively. The parameter l is chosen to ensure unconditional linear stability. This requires
The third step updates the algorithm with the unknown variables of A and Q as follows:
In the above equations, the parameter l is used to represent the IMAC and EMAC schemes in the same formulation. The IMAC and EMAC schemes have secondorder accuracy in both time and space. The relations are presented as
For the stability of the EMAC scheme, the CFL condition must be satisfied:
where CFL is the Courant number. For the implicit methods such as the IMAC and INKW schemes, the unconditional stability is the consideration.
NUMERICAL RESULTS AND DISCUSSION
An important test of the quality of a computational model is its ability to reproduce standard test cases or benchmarks. For the quantitative comparison of the performance characteristics of the numerical schemes, two evaluation indexes are defined by the L m 2 norm and the Efficiency index.
The mean relative error is described by the L m 2 norm:
where N is the number of observations, and H cal The Efficiency index is defined as
Overland flow case
The performance of the proposed numerical method was first tested by computing the overland flow hydrograph associated with uniform rainfall on a parking lot. An effective rainfall continues for 1,500 s with an intensity of 0.1 m/h over a 500 m long and 100 m width parking lot. The slope of the plane is 0.01 and the Manning roughness coefficient is 0.005. The initial condition is a dry bed state.
First, it is important to inspect the behavior of a numerical scheme over a range of grid sizes and time (1970) .
The results indicate that the computational error ðL m 2 Þ decreases as the grid size (Dx) or the time increment (Dt) decreases. On the other hand, the computational time increases as the grid size or the time increment decreases.
These results clearly show that the proposed IMAC scheme is essentially conservative. This comparison also demonstrates that the proposed IMAC scheme can acquire Table 2 , the values of the Efficiency index for the EMAC scheme (Dt ¼ 0.5 s), the IMAC scheme (Dt ¼ 10 s) and the IMAC scheme (Dt ¼ 100 s) are 1.00, 4.48 and 19.80, respectively.
The results clearly indicate that the proposed IMAC scheme, which allowed the use of time steps of magnitudes bigger than those in the EMAC scheme, is a very robust algorithm which can be used to calculate the unsteady overland flow.
Table 2 also enumerates the simulation results for the overland flow problem using the INKW scheme. It is apparent that the INKW scheme appears to be more efficient than the IMAC scheme. However, the levels of accuracy are lower in magnitude than those of the IMAC scheme. Since the INKW scheme has only a first-order accuracy, the resulting computation time is slightly less than that of the second-order scheme (IMAC).
Channel flow case
The above benchmark problem only tests the proposed approach to simulate transient overland flow. In this subsection, we demonstrate the capability of the proposed model to describe an unsteady channel flow. In order to do this, a flood event over a 1500-foot-long, 200-foot-wide rectangular channel with a bed slope of 0.01, and a Manning roughness coefficient of 0.035, was simulated to compute the outflow hydrograph. The initial condition was a uniform flow of 2,000 cfs along the channel. At the upstream boundary, the following hydrograph Q(t) was imposed as 
The simulated outflow hydrograph of water depth at the downstream of the channel using the IMAC scheme with Dx ¼ 30 ft and Dt ¼ 2 s is given in Figure 3 . The simulation result indicates that the total areas under the hydrographs are almost identical. In other words, the proposed scheme can conserve the total water mass when the flood wave passes through the channel reach. The simulation results evidently reveal that the kinematic wave does not subside or disperse, but changes its shape because its velocity depends upon the depth (Chou et al. 1988 ). A uniform mesh distribution of 500 cells and time step of 1 s was used in the computation. As can be seen, an excellent match between the analytical solution and the numerical solution is notable for the EMAC and IMAC schemes. Since the INKW scheme has only a first-order accuracy, significant numerical damping leads to smoothing of the peak depth and peak discharge, as seen in the inset. The results of simulation also indicate that the IMAC and EMAC schemes are slightly better than the INKW scheme. Figure 5 illustrates the simulation result of the water depth using the IMAC scheme with Dt ¼ 1 s, 5 s and 50 s, respectively. It can be observed that the simulated hydrograph closely follows the analytical solution even in the case of the very large time step employed. The simulated hydrograph of water depth shows a faster wave movement for the Dt ¼ 50 s case, but the overall accuracy is still satisfactory. 
As indicated in

